Ineffective skin wound healing is a significant source of morbidity and mortality. Roughly 6.5 million Americans experience chronically open wounds and the cost of treating these wounds numbers in the billions of dollars annually. In contrast, robust wound healing can lead to the development of either hypertrophic scarring or keloidosis, both of which can cause discomfort and can be cosmetically undesirable. Appropriate wound healing requires the interplay of a variety of factors, including the skin, the local microenvironment, the immune system, and the external environment. When these interactions are perturbed, wounds can be a nidus for infection, which can cause them to remain open an extended period of time, or can scar excessively. Interleukin-2, a cytokine that directs T-cell expansion and phenotypic development, appears to play an important role in wound healing. The beststudied role for Interleukin-2 is in influencing T-cell development. However, other cell types, including fibroblasts, the skin cells responsible for closing wounds, express the Interleukin-2 receptor, and therefore may respond to Interleukin-2. Studies have shown that treatment with Interleukin-2 can improve the strength of healed skin, which implicates Interleukin-2 in the wound healing process. Furthermore, diseases that involve impaired wound healing, such as diabetes and systemic lupus erythematosus, have been linked to deficiencies in Interleukin-2 or defects Interleukin-2-receptor signaling. The focus of this review is to summarize the current understanding of the role of Interleukin-2 in wound healing, to highlight diseases in which Interleukin-2 and its receptor may contribute to impaired wound healing, and to assess Interleukin-2-modulating approaches as potential therapies to improve wound healing.
Introduction
Wound healing impairment can be problematic for patients and frustrating for physicians. Wounds, which can result from injuries or surgery, can lead to substantial morbidity and even mortality when they fail to heal. The occurrence of chronic wounds, which affected upwards of 6.5 million Americans as of 2009, is increasing in the United States due to the increasing age of the population and prevalence of comorbidities. [1] [2] [3] Recent reports concerning commercial opportunities in medicine indicate that spending on chronic wound care exceeds a billion dollars annually. On the other end of the spectrum, scar formation due to excess extracellular matrix (ECM) deposition and overzealous cell proliferation is also undesirable. 4 About 100 million people worldwide develop scars following both trauma and elective surgery. In surgery patients, 40-70% experience a specific type of scarring, hypertrophic scarring, which is both cosmetically undesirable and can impair function, depending on location and severity. Patients are frequently unsatisfied with the appearance of their surgical wounds both during and after the healing process and these wounds can have a significant impact on their quality of life. 5, 6 Ideally, wounds should close rapidly to prevent infections but exhibit minimal scaring for the best possible functional and cosmetic result. However, it is unclear exactly what mediates the balance of appropriate wound healing verses excessive scarring.
Overview of wound healing
Wound healing requires orchestration of immune and skin cells at the site of injury to facilitate repair. The process of wound healing can be considered to have multiple phases: the hemostatic phase, the inflammatory phase, the proliferative phase, and the remodeling phase (Figure 1 ). 7-10 These phases overlap; there is no abrupt separation between the phases. However, these designations are useful for understanding the overall wound healing process. During the hemostatic phase, a fibrin and platelet plug forms to stop blood loss at the injury site. Platelets and resident immune cells then secrete a variety of factors to attract neutrophils to the wound site. 11 There, neutrophils defend the wound against pathogens, initiate the repair process, and attract other cells, such as macrophages, more neutrophils, and lymphocytes to the area.
Recruitment of these immune cells, including macrophages and various lymphocyte subsets, occurs as part of the inflammatory phase. 7, 8 Upon arrival at the wound site, macrophages phagocytose debris, further protect the wound from pathogens, and initiate the production of extracellular matrix (ECM). Additionally, macrophages have been shown to contribute to the recruitment of other cells, including immune and skin cell subtypes, to the wound site. 8, 10, 11 The role of lymphocytes in wound healing is less well-defined. However, it appears that B lymphocytes, T-helper cells (THC), and cytotoxic T lymphocytes (CTL) protect wounds from viruses. Additionally, lymphocytes, like macrophages, contribute to the production of cytokines that attract other immune cells and create the wound healing environment. Overall, cells of the inflammatory phase protect the wound from pathogen invasion and initiate the healing process by recruiting the cells that participate in repair.
Following the inflammatory phase is the proliferative phase, in which a layer of skin cells called keratinocytes cover the wound. Other epidermal cells migrate over these keratinocytes and proliferate to create the multiple skin layers. 7 Additionally, the proliferative phase is when angiogenesis begins and production of the extracellular matrix (ECM) primarily occurs. Vascularization and ECM production are orchestrated by macrophages, keratinocytes, fibroblasts, and likely other cell types. 8 Thus, the structures that will comprise the more permanent wound closure begin to appear during the proliferative phase.
Finally, during the remodeling phase, the collagen of the ECM matures, increasing the strength of the closed skin. 7, 9 Throughout this phase, which lasts for about a year after the initial injury, the quality of the wound changes and begins to resemble uninjured skin. 8 The remodeling process appears to be primarily mediated by fibroblasts at the wound site, but other cells, such as macrophages, may also play a role. Additionally, it is possible that cytokines and growth factors in the systemic circulation affect the behavior of cells and ECM fibers at the wound site during the remodeling phase, impacting the quality of the healed wound. Thus, the wound healing process is very complex and involves the interplay of multiple factors, both locally at the wound and systemically in the body. These factors together determine the quality and rate of wound healing.
A variety of physiologic and pathologic processes have the potential to delay wound healing by impacting both the local environment and the body as a whole. These factors include older age, obesity, diabetes, tobacco smoking, and vascular diseases. 2, 12 Wound infections, which occur following roughly 0.3% of surgeries and can also complicate non-surgical injuries, also delay wound healing. 2, 13, 14 Wounds can reopen following a surgical closure, a process called dehiscence, which often occurs due to an infection of the wound. Thus, a myriad of factors including infection, debris at the wound site, and patient comorbidities, can lead to a delay in wound healing.
In contrast to delayed closure, wound healing can also be excessively robust, leading to scarring. In scars, excess ECM is laid down, leading to a closure with different qualities from normal skin. Scar types include atrophic scars, hypertrophic scars, and keloids, among others. 4, 6, 15 Hypertrophic scars typically form immediately after injury or surgery and regress over time. Risk factors for hypertrophic scars include wound infections, wounds that cross joints or other high-tension skin, and genetics. Keloids, on the other hand, can begin growing long after the inciting injury. Risk factors for keloids include certain ethnicities, family history, and certain histocompatibility or human leukocyte antigen (HLA) types. Incidence of keloids seems to decrease with older age and especially following menopause. All types of scars have the potential to be itchy or painful, to be cosmetically undesirable, and to cause patient distress. The limited current strategies to address undesirable scars include corticosteroid injections, pressure treatments for keloids, laser treatment, cryotherapy, radiation, or in severe cases surgical intervention. However, these strategies are not universally effective and a better understanding of wound healing may provide novel treatment targets for excess scarring.
As stated previously, the immune system plays an active role in wound closure and the balance between proper wound healing and excess scarring. 7,10 The innate immune system, which reacts non-specifically to protect the body, is clearly implicated in the wound healing process. Innate immune factors involved in wound healing include neutrophils, macrophages, and a vast array of cytokines produced both at the wound site and throughout the body. 8 The adaptive immune system, which promotes specific responses to antigens, also appears to play a role in wound closure. 16, 17 Wound healing involves antigen presentation by macrophages and various lymphocyte subsets. 8 The finding that polymorphisms in the HLA genes, which are involved in antigen presentation by the adaptive immune system, are associated with the risk of forming keloid scars further implicates the adaptive immune system in wound healing. 4 Furthermore, keratinocytes and possibly other skin cells are capable of presenting antigens to the adaptive immune system. 18 The integration of immune response in the context of wound healing is therefore quite complex and involves both innate and adaptive responses. More specifically, interleukins (ILs), which are known to regulate adaptive immune cells, may be involved in wound healing. One specific IL, IL-2, has attracted recent interest as a potential modulator of the wound healing process.
Interleukin-2 signaling
IL-2, a cytokine with a complex signaling cascade, has been extensively reviewed. [19] [20] [21] [22] This cytokine is secreted in its active form by many cells that participate in wound healing including THCs, CTLs, macrophages, and keratinocytes. 8, [23] [24] [25] The IL-2 receptor (IL-2R) subunits, which are described later in the review, are found principally on immune cells but are also present on the surfaces of various skin cell subtypes, including keratinocytes and fibroblasts. 19, 21, 26, 27 The behavior of cells in response to IL-2 signaling varies significantly by cell type depending up on the level and type of IL-2R that the cell has on its surface, the external cytokine environment, and the other intracellular signaling molecules present. 22 IL-2 signaling occurs via a receptor with three subunits, IL-2R -a, -b, and -g. The subunits of the IL-2R have different affinities for and responses to IL-2. IL-2Rb and IL-2Rg are able to bind other cytokines, but IL-2Ra appears be specific for IL-2 binding. 26 Each IL-2R subunit is low-affinity alone. However, when dimerized, the IL-2Rb-IL-2Rg complex achieves a higher affinity. The highest affinity is achieved when all three subunits (a, b, and g) are together. 19, 21, 26 IL-2Rs signal via Janus tyrosine kinases (JAK) and signal transducer and activator of transcription (STAT) pathways primarily (Figure 2 (a)). Following IL-2 binding to its receptor, it appears that JAK1 is recruited to IL-2Rb, while IL-Rg recruits JAK3. 22 The recruitment of JAK1 appears to depends upon JAK3 recruitment. 28 These JAKs then phosphorylate domains of the IL-2Rb, which goes on to recruit and phosphorylate STATs, principally STAT5a and STAT5b, but also STAT1 and STAT3. The phosphorylated STATs dimerize and this dimer enters the nucleus where it can activate a variety of genes depending on the cell type and other signals present. 22 In addition to STATs, other signaling molecules, proteins from the src homologous and collagen (SHC) family, are also recruited to the IL-2Rb cytoplasmic tail following its phosphorylation by the JAKs. The SHC proteins then go on to activate the phosphatidylinositol-3kinase (Pi3K) and mitogen activated protein kinase (MAPK) pathways. 19, 21, 26 In both the MAPK pathway and the Pi3K pathways, phosphorylation of SHC causes SHC to bind to a complex of several proteins, including Ras (Figure 2 (b)). 28, 29 This complex contributes to rapidly accelerated fibrosarcoma (RAF) activation, which activates mitogen activated protein kinase (MEK); MEK goes on to activate MAPK, which is also known as extracellular regulated-signal kinase (ERK). The ERKs act as transcription factors for a variety of mediators of cell proliferation. In the Pi3K pathway, Ras activation activates Pi3K, which goes on to activate Akt, which activates mTOR. 30 There are a myriad of subtypes of many of the participants in both the MAPK and Pi3K pathways. Additionally, many steps of both these cascades are regulated by both feedback mechanisms from within the pathway and signaling events in other pathways. The MAPK and Pi3K pathways are both associated with cell proliferation and likely contribute to the expansion of effector T-cells in response to IL-2. 22, [28] [29] [30] Thus, it is clear that IL-2 signaling is complicated, dependent upon cell type, extensively regulated, and likely contributes to cell expansion in some cell types.
Complex regulation determines the degree to which each of IL-2's downstream pathways contribute to its action in each separate cell type leading to the variability in cell behavior in response to IL-2 signaling. For example, FoxP3 levels are upregulated in T-regulatorys (T-regs), but not other T-cells, in response to IL-2R signaling. 22 This effect in T-regs is due to transforming growth factor (TGF)-b cooperation; it has been shown that FoxP3 is upregulated in response to STAT5 signaling and that this effect requires SMADs, which are downstream of TGF-b. 31, 32 Thus, regulation of IL-2's downstream signals involve multiple pathways. IL-2 downstream signaling has also been shown to be indirectly downregulated by protein tyrosine phosphatase non-receptor type II (PTPN2), which appears to decrease STAT5 phosphorylation and activity in response to IL-2R engagement. 33 Thus, numerous signaling pathways cooperate with the IL-2R to affect cell fate, proliferation, differentiation, and behavior.
In addition to serving as a cell surface receptor, soluble IL-2R (sIL-2R) a can also be released from cells, primarily THCs. It is unclear whether surface IL-2Ra is released from cell surfaces by proteases or whether it is produced in a secreted form via alternative splicing or altered transcription. 21, 34 Both of these mechanisms may contribute to the production of sIL-2Ra. While sIL-2Ra has low affinity for IL-2, it is capable of regulating immune function, although the exact mechanism of this action is not well-understood. [35] [36] [37] More study is needed to demonstrate the role of sIL-2Ra in regulating IL-2 signaling but this molecule may serve as a therapeutic target once its role is better understood.
Interleukin-2 in immune cell development
As stated previously, IL-2 interacts with other cytokines to influence immune cell development and activation and these interactions between may impact wound healing. 19, 24, 27, 38 At wound sites, IL-2 is known to activate macrophages and natural killer (NK) cells, and to promote the proliferation of B-and T-lymphocytes. 8 Interestingly, IL-2 has been shown to promote the development and activation of both THC subtypes, TH 1 and TH 2 , depending upon the other cytokines present. 24,39,40 TH 1 cells form when IL-12 and interferon (IFN)-g are present in addition to IL-2, while TH 2 cells form when IL-4 is present in addition to IL-2. 31 TH 1 cells produce cytokines, including IFN-g and are important in autoimmune diseases. 24 TH 2 cells, which also produce numerous cytokines including IL-4, IL-5, and IL-10, mediate defense against helminths and the pathogenesis of allergies. 24 IL-2 also appears to play a role in THC activation. THCs only express IL-2Rb and IL-2Rg constitutively, but when they are stimulated by antigen, they produce IL-2 and express IL-2Ra. 41 Thus, autocrine and paracrine signaling by IL-2 appears to promote further IL-2 signaling in THCs following antigen stimulation. 41 IL-2 also influences the development of memory subsets of both CTL and THCs, which are important for responding to previously encountered antigens. 24, 27, 40 As discussed previously, T-reg cells, which are important for dampening the immune response and promoting tolerance of self-tissues, also require IL-2 for development. 24, 41 Interestingly, T-regs appear to compete with other immune cells for IL-2. 41 Thus, prevention of IL-2 signaling may be a mechanism by which T-regs decrease the activity of other immune cells, notably antigen-stimulated THCs. 41 Additionally, gd T-cells, a less well-studied lymphocyte subtype found in the skin, also respond to IL-2 in a variety of contexts and, given their location in the body, may play a role in cutaneous wound healing. 16, [42] [43] [44] Thus, numerous cells of the immune system respond to IL-2, implicating this cytokine in processes mediated by the immune system, such as wound healing.
Clinical uses of IL-2
Because IL-2 may be a good therapeutic target in wound healing, it is important to consider what IL-2-related treatments are currently available and the therapeutic and adverse effects of these treatments. IL-2-based products are currently used to treat several types of cancer, including renal cell carcinoma and melanoma. [45] [46] [47] Unfortunately, when administered systemically at high doses, IL-2 has a narrow therapeutic window, making it difficult to employ as a treatment except when the benefits outweigh its significant risk profile. [45] [46] [47] [48] However, it is effective when it is injected intralesionally to treat a melanoma metastasis, indicating that local use is possible. 49 Local treatment appears well-tolerated so this strategy might help prevent the toxicity associated with systemic administration of IL-2. Furthermore, if IL-2 is shown to improve wound healing, it could be added to wound dressings, adhesives, and sutures, which would provide options for modes of delivery that could be tailored to skin delivery and to the needs of each individual wound patient.
Interleukin-2 in wounds
IL-2 is produced throughout the body and by multiple cells types found at wounds. Thus, it has the potential to act both globally and locally at the wound site. The timing and location of IL-2 production and signaling may be critically important to its impact on wound healing. Elucidating the temporal and spatial contribution of IL-2 to wound healing will both allow characterization of the complex wound healing process and promote the development of woundspecific therapeutics targeting this pathway.
Systemic effects of IL-2 on wound healing
It is not just signals originating within the wound site that impact wound healing, signals from elsewhere in the body can impact wound healing in response to the initiation of the wound. One example of this is the pain and stress caused by the injury. Stress leads to increased glucocorticoid hormones levels, which are known to impact the immune system. 50 Systemic signals have also been shown to contribute to the attraction of the immune and skin cells required for wound closure. 8 Additionally, systemic IL-2 may also act as a growth factor or could impact growth factor secretion. 51 Finally, IL-2 levels in the body in general have the potential to impact the local wound environment. Thus, more understanding of the levels and impact of systemic IL-2 during wound healing is likely important in understanding the role of IL-2 in this process.
Wounds have been shown to alter systemic IL-2 levels. One study of adult burn patients demonstrated that blood IL-2 levels are increased on both day 1 and day 5 following burn injury and that the levels of IL-2 correlate positively with the percentage of the body burned. 52 Another study of burns in children demonstrates that IL-2 levels at the wound site are lower than they are in the peripheral blood, which serves as evidence for IL-2 acting systemically rather than locally. 53 Alternatively, these data may indicate that at some points during the healing process, low levels of IL-2 are favorable. 53 The high levels of IL-2 in the blood and high white blood cell counts may also mean that the role of IL-2 in wound healing involves systemic immune activation, rather than local immune cell activation at a wound. Thus, more research is needed to fully understand the timing and locations of IL-2's contribution to wound healing.
To further understand global and local effectors of wound healing, one group has focused their study of healing following long bone fractures on the spatial and temporal expression of cytokines. 54, 55 This group examined IL-2 signaling within the muscle and blood vessels at the fracture site, 1 cm away from the fracture site, and in the opposite, unbroken limb at 0, 6, 24, and 168 h after the fracture. The data comparing IL-2 levels and the phosphorylation states of downstream signaling molecules are consistent with the possibility that systemic IL-2 contributes to wound healing. While this study did not involve skin wounds directly, some of its findings are relevant to cutaneous wound healing, especially given the spatial and temporal characterization of the behavior of IL-2 and several downstream signaling pathways.
Consistent with the studies of burn patients, the IL-2 level in the vessel was lower at the fracture site than in the opposing limb 6 h after fracture, which may indicate high systemic IL-2 signaling at this time point. 54 Additionally, the IL-2 level in the muscle was higher at the fracture site than 1 cm away from it immediately following the fracture, where it could be playing a role in the initiation of healing. To further clarify the timing and location of IL-2 signaling, this group went on to perform a further study, which included not only IL-2 levels but also phosphorylation states of some downstream signaling pathways for the IL-2Rs. Immediately following fracture, phosphorylation of both STAT3 and ERK1/2 was higher in the muscle of the opposing limb than at the fracture site or 1 cm away from the fracture, indicating higher activity of these factors. These effects could be mediated by IL-2 signaling via the MAPK pathways. Another potential downstream mediator of IL-2 signaling, Akt, which signals in the Pi3K pathway, also showed increased phosphorylation at distant sites early in wound healing. 55 These consistent patterns of MAPK and Pi3K signaling implicate IL-2, which signals via both pathways. 22 These patterns may be consistent with a decrease in IL-2 signaling at the site of injury immediately or a relative increase in IL-2 signaling systemically that is not experienced at the wound site. These studies could hint that systemic IL-2 signaling helps motivate cells, especially immune cells, to migrate to wounds or could contribute to growth factor production. Thus, systemic production of IL-2 may be very important in orchestrating the wound healing process.
Several other wound healing studies also hint that systemic IL-2 might play a role in determining the quality of wound healing. In a rat model of wound healing, high doses of intraperitoneal IL-2 increased wound breaking strength as tested by a constant speed tensometer. 56 The IL-2-treated wounds had higher levels of hydroxyproline, which is indicative of collagen crosslinking and may elude to increased ECM deposition or scarring in response to IL-2. 57 The authors of this study interpret these results to mean that lymphocyte activation by IL-2, rather than IL-2 action on skin cells, mediates increased strength following IL-2 treatment, although this study does not directly test that hypothesis. However, this study does hint that the role of IL-2 in altering the course of wound healing may involve systemic actions. In order to successfully improve wound healing using IL-2-dependent mechanisms, the systemic role of IL-2 in wound healing would therefore need to be clarified.
Local effects of IL-2 on wound healing
Local IL-2 production may also alter the course of wound healing. As stated before, sources of IL-2 in wounds include macrophages, lymphocytes, and keratinocytes. 8, 10, 11 These cells, as well as others found in wounds, are also capable of responding to IL-2. 8, 25, 51 Understanding how IL-2 interacts with cells within the wound environment will help clarify its potential roles within the wound site.
The role of T-cells and other lymphocytes at the wound site is a newly appreciated phenomenon that may be a mechanism by which IL-2 may impact wounds. One study has shown that treatment with activating antibodies to Cluster of Differentiation 3 (CD3), a surface receptor that stimulates T-cell activation, along with fibroblast growth factor (FGF)-1 or -2, factors known to be important for wound healing and angiogenesis, appear to promote T-cell IL-2 production. 58 Because T-cells are present and activated at wound sites and wound sites contain growth factors, including FGFs, this response to combined IL-2 and FGF may represent a mechanism by which T-cells produce IL-2 in wounds. This locally produced IL-2 could impact the rate and quality of the closure by promoting immune and skin cell proliferation and differentiation at the wound site. These findings may also indicate that there is a feed-forward mechanism by which FGF in wounds increases IL-2 production by immune cells and that both of these signaling molecules act as growth factors at the wound site. 51 These results could mean that IL-2 treatment would increase scar formation through local action but that this type of treatment might be appropriate in patients in whom wound healing is delayed. Thus, more study of the response to IL-2 locally at the wound site is needed to understand how to best utilize it therapeutically.
In addition to immune cells, skin cells at the wound site also appear capable of directly responding to IL-2, which may alter their behavior and the behavior of cells around them. For example, IL-2 signaling may contribute directly to the activity of fibroblasts in wound sites. Several studies have shown that fibroblasts express IL-2R, specifically the b and g subunits that are capable of signaling. 59, 60 One of these studies, concerning fibroblast-like cells isolated from human joint fluid, demonstrated that IL-2 treatment could induce production of pro-inflammatory cytokines by these cells. Another study demonstrated that fibroblast signaling through the IL-2Rg-JAK3 pathway led to increased production of monocyte chemoattractant factors, including monocyte chemoattractant protein-1 (MCP-1) and intracellular adhesion molecule-1 (ICAM-1). 59 These observations may mean that local IL-2 signaling in skin cells at a wound may promote the recruitment and activation of immune cells at wound sites. IL-2 appears to act as a growth signal in fibroblasts in a mechanism involving autophagy, or the digestion and reallocation of the materials of a cell's organelles. 61 Ultimately, all of these mechanisms by which IL-2 impacts fibroblasts may contribute to the local impact of IL-2 within wounds.
In addition to receiving signals from exogenous IL-2, studies have shown that human skin fibroblasts can produce IL-2 in some contexts. This IL-2 may act locally at the wound site. One study demonstrated IL-2 production by fibroblasts upon high-dose exposure to advanced glycation end products (AGEs), which are sugar-conjugated proteins that occur in diabetes. 62 Blocking either AGE receptors or TGF-b signaling led to decreased IL-2 production. The authors interpret this to mean that IL-2 production may be involved in scar formation. Fibroblast secretion of IL-2 may thus be pathologic and lead to poor wound healing or could also be a compensatory response to a lack of IL-2 signal usually provided by other sources. Because fibroblasts can be induced to make IL-2 by AGEs, they may also be able to produce IL-2 in other contexts, which could have implications for the rate and quality of wound healing. Thus, this phenomenon of IL-2 production by fibroblast warrants more study.
At the wound site, IL-2 may also contribute to the secretion of and reaction to growth-promoting factors and cytokines by a variety of cell types, both immune and skin. IL-2 promotes the release of IFN-g and the development of IFN-g-producing TH 1 cells, which then leads to IL-1 production, which may promote wound healing. 24 Additionally, IL-2 appears to synergize with IFN-a to promote local endothelial cell growth and angiogenesis, which is necessary for revascularization of a wound site. 51 Combined treatment with IL-2 and IFN-a increases endothelial cell proliferation and IFN-a alone increases expression of and signaling via IL-2R. Thus, there may be crosstalk between IL-2 and IFN-a, such that IFN-a increases the capacity for a response to IL-2 and IL-2 promotes endothelial cell growth. IL-2 and IFN-a together also increase release of FGF, which likely contributes to the increased endothelial cell growth. Blocking FGF decreases cell proliferation in response to IL-2 and IFN-a, thereby demonstrating that IFN-a and IL-2 synergy may be FGF-mediated. These results are consistent with the previously discussed study that hinted at a feed-forward mechanism by which IL-2 and FGFs synergize to promote growth. 58 Growth promotion by IL-2 via FGF, and possibly other growth factors, may also be applicable to other cell types, including skin cells. Thus, IL-2 may be involved in the growth of both skin and blood vessel cells to close wounds.
Finally, IL-2 inhibition at the wound site may also be important to adequate wound healing, possibly by contributing to the resolution of inflammation. 8 Wound exudates collected 10 days after wounding contain a specific inhibitor of THC proliferation that can be incompletely overcome by treating with IL-2. 63 In contrast, cultured fibroblast cells proliferate in response to these same wound extracts. This study does not identify the inhibitor of IL-2-mediated THC proliferation, demonstrate the timing or source of the inhibitor, or determine the exact role of the inhibitor in wound healing. However, it is possible that the IL-2 inhibitor helps resolve inflammation, promote T-reg development by favoring a low level of IL-2, or slow IL-2-mediated collagen fiber crosslinking without preventing cell proliferation, thus improving the quality of wound closure. 56, 64, 65 The discovery of this inhibitor lends evidence that IL-2, either directly or indirectly, promotes immune activation of early, but may be toxic if it is not inhibited later in the wound healing process. Alternatively, this inhibitor could be preventing overly robust cell growth or ECM deposition or maturation, processes which IL-2 may influence. 8 Thus, more research is needed to determine the exact role of IL-2 and the timing and location of its action in wound healing before IL-2-related treatments can be designed.
IL-2 in diseases involving wound healing
A number of pathological processes involve IL-2, many of which occur as components of autoimmune diseases, highlighting the role of IL-2 in immune cell development and regulation. 64 Interestingly, several diseases that involve IL-2 signaling alterations are diseases that also involve skin or tissue damage. Herein, we will review the pathologies of systemic lupus erythematosus (SLE), sarcoidosis, diabetes mellitus (DM), and myocardial infarction (MI) and the involvement of IL-2 in each case.
Systemic lupus erythematosus
SLE is an autoimmune disease of unclear etiology which damages multiple organ systems, notably the skin. 66, 67 SLE patients also have numerous immunologic abnormalities, including altered cytokine profiles and the production of antibodies targeting self-antigens, known as autoantibodies, within the body. 68 These immune alterations may impact skin repair, supported by the fact that wound healing is impaired in SLE patients. A study of SLE patients undergoing hip arthroplasty demonstrated delayed wound healing in a subset of the patients that was not correlated with the corticosteroids being used to treat their SLE. 69 However, observational studies present problems when used to study wound healing, given the variety of quality, depth, and etiology of wounds that patients experience. To control for this heterogeneity, researchers have performed wound healing studies in mouse models of SLE. Studies in SLE-model mice have yielded variable results, with studies reporting increased, decreased, or normal healing rates and quality compared to wild-type mice. 70, 71 Interestingly, in studies that have demonstrated improved wound healing in this model, wounds were located on the cartilaginous ear, which may explain the differences in healing. 72 Overall, mouse models of SLE provide an avenue to explore causality between SLE, IL-2, and defective wound healing but more study is needed to understand what aspects of wound healing are affected in these models.
IL-2 levels in both SLE patients and mouse models of SLE appear to be below that of healthy controls, which may be involved in the pathogenesis of the skin damage and wound healing problems observed in SLE. 71, 73 It has been shown that IL-2 mRNA expression is decreased in skin biopsies from SLE patients in both healthy and lesioned skin compared with controls, which may implicate IL-2 in the cutaneous manifestations of SLE. 74 Moreover, IL-2 production by lymphocytes, including cultured cells, patientderived CD3þ T-cells, and peripheral blood mononuclear cells isolated from human patients, is decreased, although the mechanism underlying this decrease remains unclear. 75, 76 There have been conflicting reports regarding whether this decreased IL-2 production correlates with disease activity. 76, 77 Additionally, one study demonstrated that the Immunoglobulin type G (IgG) fraction of SLE patient serum from a subset of study participants was capable of inhibiting IL-2 production by cultured human peripheral blood mononuclear cells. This finding indicates that there may be a factor that inhibits IL-2 production by lymphocytes in the serum of SLE patients, which could impact IL-2s action at wound sites and the systemic effects of IL-2 on wound healing. 78 Furthermore, mice bearing the lpr mutation in their Fas Receptor gene, which develop an SLE-like autoimmune disease, are also IL-2 deficient. 71, 79 Thus, IL-2 signaling may be important in the development of wound healing pathologies found in SLE mouse models, which have similar phenotypes to human SLE patients, and may be a useful model in studying these pathologies.
The IL-2R may also play a role in the wound healing pathologies seen in SLE. Patients experiencing SLE exacerbations express lower levels of IL-2R on their T-cells, indicating that the response to IL-2 may also be playing a role in SLE severity. 77 SIL-2R expression is also increased in the peripheral blood of SLE patients, especially in those experiencing discoid skin lesions. 80 It is unclear from these studies what role either the soluble or surface IL-2Rs may be playing in the wound healing problems found in SLE patients. Thus, more study of the actions of downstream IL-2R signaling and the behavior of the IL-2R are required in this context.
Together, the results of studies of IL-2 and IL-2R signaling indicate that a lack of IL-2 production, poor IL-2 signaling, or IL-2 inhibition may play a role in SLE and specifically in the cutaneous manifestations of SLE. If IL-2 signaling deficits are demonstrated to be a significant part of the pathogenesis of wound healing impairment and other skin pathologies in SLE, it would represent an attractive therapeutic target.
Sarcoidosis
Another multifactorial inflammatory disease that links IL-2 with wound healing is sarcoidosis. Sarcoidosis is a complex and relatively rare disease that involves immune-mediated damage to multiple organs, including the lungs, kidneys, eyes, and skin. 81 Roughly 25-35% of patients experience skin symptoms, including plaque and ulcer formation, which can occur on normal skin or around scars and tattoos. The relationship to prior sites of injury is indicative of aberrant wound healing in patients suffering from this disease. Furthermore, the lung pathology seen in sarcoidosis includes excessive fibrosis, possibly implicating an overactive scarring response in the disease state, a process which may also impact cutaneous healing. Thus, impaired balance of wound healing versus scarring may warrant additional study in sarcoidosis.
Sarcoidosis involves significant immunopathologies, notably the development of granulomas, or collections of macrophages and lymphocytes. 81 The pathogenesis of these granulomas in sarcoidosis involves expansion and activation of T-cell subsets, many of which secrete IL-2. IL-2secreting T-cells are more numerous in the granulomas of patients with active sarcoidosis compared to those with chronic sarcoidosis. 82 Additionally, many of the therapies used for the cutaneous lesions of sarcoidosis decrease IL-2 levels, which may be a part of their mechanism of action. 83 IL-2 secretion by T-cells has long been recognized to play a role in the pulmonary fibrosis found in sarcoidosis and patients with active sarcoidosis have lung lymphocytes that spontaneously secrete IL-2 in the absence of activation. 84, 85 This aberrant IL-2 secretion in the context of lung fibrosis could be a reaction to the fibrosis or could be involved in its pathogenesis. It is possible that spontaneous IL-2 production by immune cells also occurs in the skin and leads to some of the cutaneous pathologies associated with sarcoidosis. The IL-2 production by T-cells in sarcoidosis can be overcome by immunosuppression using systemic corticosteroids, as demonstrated in a prospective clinical trial, which could be an attractive therapeutic for this disease. 86 SIL-2R is also elevated in sarcoidosis and has been extensively studied in the disease. 87, 88 Su et al. found that sIL-2R levels were elevated in sarcoidosis compared with healthy controls, although the sIL-2R levels did not correlate with lung disease severity. 87 The amount of sIL-2R does correlate, however, with eye inflammation in sarcoidosis patients. 88 Methotrexate therapy in sarcoidosis patients is associated with decreased serum sIL-2R, and this decrease correlates with improved lung function. 89 These studies do not clarify whether sIL-2R is pathologic or is produced in response to excess IL-2. Furthermore, it is unclear what role sIL-2R may play in the cutaneous lesions accompanying this disease. However, IL-2 and IL-2R signaling likely play a role in the skin damage involved in sarcoidosis and warrant further study in the context of this disease, which may shed light on the role of IL-2 in wound healing in other contexts.
Diabetes
Another disease that involves both altered IL-2 and impaired wound healing is DM. DM is a growing epidemic within the United States and includes both Type I (T1DM), which is caused by autoimmune destruction of insulin-producing cells, and Type II (T2DM), which is a multifactorial disease involving decreased tissue insulin sensitivity. 90 Both T1DM and T2DM diabetes lead to, among other pathologies, aberrant wound healing. 90 The nature of the impaired wound healing in DM is not entirely characterized, but it appears to involve a combination of neuropathy leading to decreased sensation of injury, vascular insufficiency causing decreased blood delivery to the wound site, and excessive inflammation. 91 In the setting of T1DM, IL-2 and IL-2R have been extensively studied in humans. In T1DM, genome wide association studies (GWAS) have demonstrated allelic variation in multiple IL-2 signaling cascade participants. 3, 92, 93 These include single nucleotide polymorphisms that occur within the IL-2Ra gene and PTPN2, ultimately conferring susceptibility in acquiring T1DM. Moreover, in healthy patients lacking an IL-2R polymorphism known to decrease T1DM risk, IL-2 signaling was attenuated in several T-cell subsets, including memory T-cells and T-regs. 94 Interestingly, decreased IL-2 signaling was observed in patients with T1DM as demonstrated by diminished phosphorylation of STAT5 in response to IL-2 treatment. Based on these data, it is unsurprising that there have been clinical trials involving the administration of IL-2 to T1DM patients, with an aim to prevent pathologies. IL-2 administration to these patients appears to increase T-reg frequency, although this IL-2 administration is also associated with an increase in adverse events. 95, 96 Rapamycin combined with IL-2 therapy further increases T-reg frequency when compared to other T-cell subsets and improves T-reg signaling via the IL-2 pathway, but has a deleterious effect on insulin production by pancreatic b-cells. Additionally, expression of PTPN2 was increased in the T-regs of diabetic patients compared with healthy controls, which may have contributed to a lack of STAT5 signaling in response to IL-2. 97 Thus, overactive and underactive IL-2 signaling appears relevant to diabetes pathogenesis. Altered IL-2 signaling in some T1DM patients may impair early immune cell engagement at wound sites, which could lead to an increased risk of wound infection and impairment of early inflammatory events necessary to close the wound. Conversely, other patients may experience excessive IL-2 signaling, either locally at wounds or systemically, which may worsen some diabetes-associated pathologies. Thus, in T1DM, more research is needed to clarify the role of IL-2 in diabetes pathogenesis and in its manifestations.
In T2DM, IL-2 signaling is also likely altered, although this association has not been well-studied. One group, Lagman et al., 98 demonstrated a robust reduction of IL-2 in the plasma of T2DM patients compared with healthy controls. 98 Interestingly, other groups have demonstrated an increase in blood sIL-2R in T2DM patients. 99, 100 One of these studies also demonstrated that increased sIL-2R levels were associated with decreased T-reg frequencies, increased T-helper cell frequencies, and higher percentages of IL-2Raþ non-T-reg T-cell subsets. These findings implicate IL-2Ra-possessing T-cells in the mechanism by which excessive sIL-2Ra is produced in T2DM patients. Overall, the investigations of IL-2 and T2DM have generally only measured differences in IL-2 and sIL-2R in peripheral blood and have not related these measurements back to severity of T2DM-associated pathologies such as impaired wound healing. However, based upon the evidenced discussed here, it can be hypothesized that the wound healing impairment in T2DM may be due to a decrease in IL-2 signaling early during the skin repair process. These low IL-2 levels, either at the wound site or systemically, may fail to attract relevant inflammatory cells to the wound site or may permit microbial colonization of the injury, ultimately leading to failed wound healing. To further clarify how IL-2 impacts wounds in T2DM patients, however, more study is needed.
Animal studies have been fundamental to further elucidating the contribution of IL-2 to pathologies in DM. Numerous studies in a mouse model of T1DM have demonstrated that IL-2 treatment may prevent or improve T1DM. IL-2 stimulation through a variety of approaches including extrinsic IL-2 treatment, viral vectors containing IL-2, and a combination treatment with an anti-IL-2 antibody and IL-2 have been successful in demonstrating that increasing IL-2 signaling is a potential therapeutic avenue. 101-105 IL-2 induction likely acts by expanding T-regs, which prevent the destruction of insulin-producing cells. 101 However, the protective nature of IL-2 treatment is dose dependent. Low doses of IL-2 or IL-2-containing virus prevent DM by protecting pancreatic insulin-producing cells, whereas high-dose IL-2 has a deleterious effect on DM prevention. [101] [102] [103] Furthermore, in order to prevent loss of the insulin-producing cells of the pancreas, the b-cells, the treatment must be administered prior to the loss of these b-cells, indicating that IL-2 is attenuating an immunemediated destruction of the b-cells rather than preventing downstream diabetes complications. 104 In spite of these difficulties in using IL-2 to prevent T1DM initiation, IL-2related treatments may still prove useful in treating wound complications. DM animal models could serve as a means to test IL-2 for this indication.
Currently there is no direct evidence that IL-2 signaling is disrupted in diabetic wound healing. However, the involvement of the immune system in the wound healing impairment in DM is clear. 91, 106 Thus, the well-established link between diabetes, especially its immunologic derangements, and impaired wound healing, coupled with the role of IL-2 in diabetes pathogenesis, provides an opportunity to explore the role of IL-2 in wound healing. Such studies might yield attractive therapeutic strategies or a better understanding of the contribution of IL-2 to wound healing, both in DM and in general.
Myocardial infarction
Following a MI, the healing of the necrotic, apoptotic, and autophagic cellular response is strikingly similar to skin wound repair. In an MI, following the irreversible damage of cardiomyocytes by ischemia, the healing process begins immediately. Part of this process includes recruitment of inflammatory cells (neutrophils, macrophages, and lymphocytes) to the injury site, which strikingly resembles the pattern seen in skin healing. 7, 107 The similarity between MI and cutaneous wounds implicates similar processes in the healing of both types of injuries.
There have been a number of studies investigating IL-2 in cardiac remodeling. A majority of these studies utilized rodent models. Overall, there seems to be a consensus that IL-2 treatment (be that preconditioning or following MI induction) attenuates the destructive cardiac response. [108] [109] [110] [111] These studies propose multiple mechanisms by which IL-2 regulates post-infarction recovery, including modulating T-regs, decreasing oxygen free radical production, or activating NK cells to promote angiogenesis. Thus, the mechanism(s) of IL-2 efficacy in limiting cardiac injury appear to be immune-mediated and similar mechanisms might lead to a beneficial immune response during wound healing by using IL-2 treatment.
Interestingly, in contrast to many of these more recent animal studies, clinical trials revealed that high-dose treatment of IL-2 (usually for cancer treatment) increased the risk of death from MI and myocarditis. 112, 113 The authors of these studies speculate that the observed increase in the ischemic events was due to hypotension caused by the vascular leak associated with IL-2 administration because infarctions occurring in patients sometimes occurred in the absence of atherosclerotic lesions. Furthermore, it is also possible that in this study too much IL-2 led to an overaggressive immune response. Either hypotension or excessive inflammation would be detrimental to both cardiac and cutaneous wound healing, which argues for careful dosing, timing, and patient selection or local administration when using IL-2 to treat a healing wound or cardiac insult. Furthermore, there have been a number of investigations looking at IL-2 signaling in patients with MI. Blum et al. 114 found a significantly higher blood sIL-2R in patients who Figure 3 Overview of IL-2 signaling in wound healing. IL-2 levels appear to influence the immune system to promote wound healing. Early in the healing process, high levels of IL-2, both systemically and locally, favor the actions of immune effector cells, including as T-Helper cells, macrophages, and neutrophils. Later, IL-2 levels drop, possibly in response to T-regulatory cell signaling or high levels of soluble IL-2 receptor, which leads to a decrease in inflammation and an environment that favors skin cell growth. (A color version of this figure is available in the online journal.) experienced a second MI in the week following an initial MI. 114 Higher sIL-2R also inversely correlated with ejection fraction and was associated with an increased mortality risk, although it is unclear how the increased sIL-2R is involved in these effects. Using a 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitor, atorvastatin, Zhang et al. 115 were able to improve infarct volume in a mechanism involving increased T-regs at the site of infarct. While this study does not directly address IL-2, IL-2 signaling may be involved in the T-reg recruitment in response to atorvastatin. T-reg engagement by atorvastatin and other drugs in its class might also be exploited to improve cutaneous wound healing. Taken together, evidence suggests that supraphsyiological doses of IL-2 may not be advantageous for MI as they might stimulate effector cell expansion and increase the overall inflammatory response. However, low-dose IL-2 treatment aimed at stimulating T-reg or NK cells may be cardioprotective. A similar mechanism may improve wound healing by careful administration of IL-2 following cutaneous injury.
Conclusions
Wound healing appears to involve IL-2 signaling, suggesting that the IL-2 pathway may be an important therapeutic target (Figure 3 ). However, the contribution of IL-2 signaling, both systemically and locally, to wound healing needs more study before it can be exploited clinically. It appears that early in the wound healing process, IL-2 signaling may play a role in attracting immune mediators for initiating the healing process and preventing colonization of the wound site by microbes. It may also contribute to skin and blood vessel cell proliferation. Later, decreasing IL-2 may help promote resolution of inflammation by attracting and expanding regulatory immune cells. Immunologic derangements, especially those involving the IL-2 signaling pathways, may impair wound healing. Evidence for this role for IL-2 in wound healing comes from studies that explore the cytokine mediators of wound repair and from evidence in diseases involving both aberrant wound healing and derangements of IL-2. Taken together, the evidence indicates that the role IL-2 plays in wound healing needs further exploration but that IL-2 signaling is a promising therapeutic target in improving wound healing rate and quality.
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